MicroRNAs play significant roles in the development of cancer and may serve as promising therapeutic targets. In our previous work, miR-219-5p was identified as one of the important metastasis-related microRNAs in HCC. Here we demonstrated that miR-219-5p expression was elevated in HCC tissues and was associated with vascular invasion and dismal prognosis. In multivariate analysis, miR-219-5p was identified as an independent prognostic indicator for HCC patients. Functional mechanism analyses showed that miR-219-5p promoted HCC cell proliferation and invasion in in vitro, as well as in vivo, tumor growth and metastasis in nude mice models bearing human HCC tumors. In addition, cadherin 1 (CDH1) was revealed to be a downstream target of miR-219-5p in HCC cells. In conclusion, miR-219-5p promotes tumor growth and metastasis of HCC by regulating CDH1 and can serve as a prognostic marker for HCC patients.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common causes of cancer-related deaths worldwide, with high incidence of tumor recurrence and metastasis [1] . Identification of molecular markers plays a critical role in predicting the clinical outcome and promoting individual therapies for patients with HCC [2, 3] .
MicroRNAs (miRNAs) have been implicated in regulation of pathogenesis of human tumors and could be potential biomarkers for diagnosis and prognosis [4, 5] . Recent studies have demonstrated that miRNAs participate in diverse human cancers processes including cell differentiation, proliferation, and apoptosis, as well as invasion and metastasis. For instance, miR-125 is a tumor suppressor that can decrease cell proliferation and metastasis through suppressing LIN28B expression in HCC [6] , while miR-122a exerts tumor promoting effects on HCC by p53-dependent way [7] . Thus, cancer-specific miRNAs might be promising targets for cancer therapy [8] . Human HCC cell lines Hep3B, Huh7, HepG2, MHCC-97H, and HCCLM3 were cultured in DMEM (Gibco) with 10% FBS. And they were propagated at 37 ∘ C in 5% CO 2 .
Cell Transfection.
HepG2 and MHCC-97H cells were transfected with miR-219-5p mimic (50 nM) and miR-219-5p antagomir (400 pmol/ml) according to the manufacturer instructions. miR-219-5p mimic, antagomir, and their corresponding negative controls were purchased from Ribobio (Shanghai, China).
RNA Extraction and Quantitative Reverse TranscriptionPolymerase Chain Reaction (qRT-PCR).
RNA of samples was obtained by TRIzol reagent (Invitrogen, USA). Then, we reversely transcripted RNA into cDNA according to the instruction of PrimeScript RT Master Mix and Mir-X miRNA First-Strand Synthesis Kit (TaKaRa, Shanghai, China). Next, cDNA was quantified by application of SYBR Premix Ex Taq II (TaKaRa) with gene-targeted or miR-specific primers. We applied the delta-delta Ct method to conduct quantification as well as calculation of the relative expression of each mRNA or miRNA. Primer sequences are listed in Table S1 . Each sample was carried out three times.
Cell Proliferation Assay.
The cell proliferation assay was conducted with Counting Kit-8 (CCK-8) (Tongren, Shanghai, China). 5000 cells (transfected with miR-219-5p mimic, miR-ctrl, miR-219-5p antagomir, antagomir NC) were planted in 96-well plates. Then 10% CCK-8 solution was added. The absorbance of each sample was assessed by a microplate reader set at 450 nM. Each sample was performed three times.
Cell Cycle Analysis and Apoptosis
Assay. Cell cycle analysis was conducted with each sample fixed into 70% ethanol at 4 ∘ C. We added Propidium iodide (PI) and RNase to samples according to manufactures' instructions (Beyotime, Shanghai, China). After staining, cells were measured by flow cytometry (BD Bioscience, MA, USA). We analyzed results by Cell Quest software (BD Biosciences). Apoptosis assay was conducted by samples bound with Annexin V-FITC and 7-AAD according to the manufacturers' instructions (BD Bioscience). Then we analyzed samples by means of flow cytometry as described above. Each sample was replicated in triplicate.
Dual-Luciferase Reporter
Assay. The wild-type sequence containing the predicted target sites of miR-219-5p in the 3 UTR of CDH1 mRNA was synthesized by JIELI corporation (Shanghai, China). We mutated the target sites from CUC-CAC to GACCGA. After plasmid transfection, luciferase activities were assessed according to the manufacturer's instruction (Promega, USA). All samples were independently repeated three times.
Western
Blotting. Samples were obtained with RIPA lysis buffer added with protease inhibitors. After quantification with bicinchoninic acid (BCA) assay (Weiao, Shanghai, China), we separated each protein through 10% SDS-PAGE and then moved them onto PVDF membranes (Millipore, USA). Then, samples were blocked with 5% nonfat milk. After incubation with primary antibodies against GAPDH and CDH1 (Cell Signaling Technology, Danvers, MA, USA) and secondary antibodies, protein levels were detected with ImageQuant6 LAS 4000 (GE Healthcare Life Sciences). Each sample was analyzed three times.
Cell Migration and Invasion
Assay. The methods of cell migration and invasion assays were constructed as previously described [11] . 
Results

miR-219-5p Upregulation Is Associated with Metastasis and Dismal Prognosis of HCC.
We analyzed the expression levels of miR-219-5p in 191 paired HCC tissues and corresponding noncancerous liver tissues by using qRT-PCR and found that miR-219-5p was significantly increased in HCC tissues compared with the nontumor liver tissues ( < 0.001) (Figure 1(a) ). The expression levels of miR-219-5p were remarkably higher in HCC patients with metastasis in comparison to those without metastasis ( < 0.001) (Figure 1(b) ). To further validate the role of miR-219-5p in HCC metastasis, we analyzed miR-219-5p in various HCC cell lines with different metastatic potentials and found that miR-219-5p levels in the HCC cells with high metastatic potentials were higher than those nonmetastatic cell lines (Supplementary Figure 1(A) ). These results indicated that miR-219-5p upregulation is correlated with HCC metastasis.
Moreover, elevated miR-219-5p expression was found to be correlated with vascular invasion ( = 0.003) and worse differentiation ( = 0.011) of liver tumor, as well as severe liver cirrhosis ( < 0.001) ( Table 1) . Kaplan-Meier analysis showed that miR-219-5p overexpression was associated with poorer overall survival and higher recurrence rates of patients after curative HCC resection ( Figure 1(c) ). Univariate analysis showed that miR-219-5p, tumor size, tumor encapsulation, and vascular invasion were related to overall survival (OS) ( Table 2) ; miR-219-5p, HBsAg, tumor size, vascular invasion, and tumor number were associated with HCC recurrence (Table 3 ). Multivariate analysis showed that miR-219-5p, vascular invasion, and tumor size were independent prognostic indicators for overall survival and tumor recurrence. Therefore, these results suggested that miR-219-5p upregulation can be a predictor of metastasis and dismal prognosis of HCC patients.
The Effects of miR-219-5p on In Vitro Proliferation and
Invasion of HCC Cells. To investigate the biological significance of miR-219-5p, we treated human HCC cell lines with miR-219-5p mimic or antagomir that would lead to different expression levels of miR-219-5p. Upregulation of miR-219-5p in HepG2, which had a low endogenous expression level, by miR-219-5p mimic induced significant increases in the abilities of proliferation ( Figure 2 . Taken together, these data suggested that miR-219-5p can promote the proliferation, cell cycle transition of G1 into S phase, antiapoptotic potentials, and metastatic phenotype of HCC cells. (Figures 3(a) and  3(b) ). To further validate its effect on the lung metastasis of HCC, the tumor tissues (1-2 mm 3 ) were obtained from subcutaneous xenografts to establish orthotopic implantation models of nude mice. The average volume of orthotopic tumors in the miR-219-5p antagomir group was significantly smaller than that in the antagomir NC group ( < 0.05) (Figure 3(c) ). Moreover, the total number of lung metastases in the miR-219-5p antagomir group was decreased compared with the antagomir NC ( < 0.01) (Figure 3(d) ). These results suggested that miR-219-5p plays a crucial role in promoting in vivo tumor growth and lung metastasis of HCC.
CDH1 Is a Direct
Target of microRNA-219-5p. Next, we searched for putative target genes of miR-219-5p in microRNA.org. We identified CDH1 as a direct target of miR-219-5p and the potential binding sequence in CDH1 3 UTR (Figure 4(a) ). We carried out a dual-luciferase reporter assay to prove that CDH1 is a direct target of miR-219-5p. The reporter vector containing wild-type (CDH1-WT) or mutated-type binding sequence (CDH1-MT) was transfected into HEK293T cells along with miR-219-5p mimic or ctrl. Results showed that cotransfection of miR-219-5p with CDH1-WT, rather than with CDH1-MT, resulted in a significant decrease in luciferase activity compared with ctrl group ( < 0.05) (Figure 4(b) ). To further validate the influence of miR-219-5p on CDH1, we overexpressed miR-219-5p in HepG2 cells and knocked down miR-219-5p in MHCC-97H cells, finding that miR-219-5p upregulation led to a significant decrease of CDH1 expression at both mRNA and protein levels ( < 0.01). And, miR-219-5p knockdown resulted in enhanced CDH1 expression ( < 0.01) (Figures 4(c) and 4(d) ). Moreover, the linear regression analysis showed a negative relevance between miR-219-5p and CDH1 in HCC tissues ( 2 = 0.4225; < 0.001) (Figure 4(e) ). These suggested that miR-219-5p is closely associated with negative regulation of CDH1 and CDH1 is a direct target of miR-219-5p.
Discussion
Metastatic relapse remains one of the major reasons for the dismal prognosis of HCC, which is a complicated process including cell adhesion, migration, and getting to target organs. Many molecules have been determined to be related to HCC metastasis [12] . However, the mechanism of HCC metastasis is not fully understood yet. Thus, characterizing the metastasis-related molecules and signaling pathways may provide more clues to the understanding of HCC metastasis. The clinical relevance and biological functions of miRNAs expression have been confirmed in various human solid tumors [13] . Thus, miRNAs were identified as superior molecular markers. Recently, an increasing number of studies have reported the indispensable roles of miRNAs in HCC [14] [15] [16] . In our previous study, miR-219-5p was found to be a promoter for HCC metastasis [10] . However, some studies demonstrated inconsistent results in other kinds of cancers. For example, miR-219-5p was reported to function as a tumor suppressor in colorectal and gastric cancers [17, 18] . The real reason is not clear. These results stimulate us to investigate the role of miR-219-5p in regulating aggressive phenotype of HCC cells.
In the present study, we found that miR-219-5p expression levels were remarkably upregulated in HCC tissues compared with the nontumor liver tissues, and high miR-219-5p levels were significantly associated with metastasis and dismal prognosis of HCC. Using gain-and loss-functional analyses, 
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CDH1 ( we found that miR-219-5p could promote in vitro proliferation, migration, and invasion of HCC cells. Furthermore, using loss-functional assays, we demonstrated that miR-219-5p promoted in vivo tumor growth and distal pulmonary metastasis of HCC. These provided more evidence to support that miR-219-5p is an important promoter for HCC growth and metastasis. Another significant finding of the present study is that CDH1 is identified as a downstream target of miR-219-5p. CDH1, a suppressive oncogene, encodes the epithelial cell adhesion molecule, E-cadherin, which contributes to cell polarity and cell-cell adhesion [19] [20] [21] . Low expression levels of CDH1 were found to be correlated with aggressive clinicopathological factors and poor survival [22, 23] . Also, CDH1 inactivation resulted in the loss of cell-cell adhesion, which contributes to metastasis in a variety of tumors [24] [25] [26] . Furthermore, there is increasing evidence that multiple mechanisms are involved in the expression of CDH1, including epigenetic DNA methylation, somatic mutations, chromosomal deletions, and protein modification [11, 27, 28] . Recently, miRNAs have been determined to play gene-regulatory roles [28] . In this study, we found the following: (1) Bioinformatic analysis indicated that CDH1 can be a potential downstream target of miR-219-5p. (2) In a dual-luciferase reporter assay, cotransfection of miR-219-5p with CDH1 containing wild-type rather than mutatedtype binding sequence resulted in a significant decrease in luciferase activity. (3) miR-219-5p upregulation led to a significant decrease of CDH1 expression; miR-219-5p knockdown resulted in enhanced CDH1 expression. (4) The linear regression analysis showed a negative relevance between miR-219-5p and CDH1 in HCCs. These indicated that miR-219-5p is closely associated with negative regulation of CDH1 and CDH1 is a direct target of miR-219-5p. Collectively, miR-219-5p promotes HCC growth and metastasis by downregulating CDH1 (Figure 4(f) ).
In conclusion, these data suggest that miR-219-5p upregulation is an independent prognostic indicator for HCC patients. It plays an important role in promoting HCC growth and metastasis by downregulating CDH1. These provide more clues to develop novel strategies to combat HCC metastasis. Table S1 : the primers listed were used for qPCR. Supplementary Figure 
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